ABSTRACT: Dialkylglycine decarboxylase (DGD) is a pyridoxal phosphate dependent enzyme that catalyzes both decarboxylation and transamination in its normal catalytic cycle. DGD uses stereoelectronic effects to control its unusual reaction specificity. X-ray crystallographic structures of DGD suggest that Q52 is important in maintaining the substrate carboxylate in a stereoelectronically activated position. Here, the X-ray structures of the Q52A mutant and the wild type (WT) DGD-PMP enzymes are presented, as is the analysis of steady-state and half-reaction kinetics of three Q52 mutants (Q52A, Q52I, and Q52E). As expected if stereoelectronic effects are important to catalysis, the steady-state rate of decarboxylation for all three mutants has decreased significantly compared to that of WT. Q52A exhibits an ∼85-fold decrease in k cat relative to that of WT. The rate of the decarboxylation half-reaction decreases ∼10 5 -fold in Q52I and ∼10 4 -fold in Q52E compared to that of WT. Transamination half-reaction kinetics show that Q52A and Q52I have greatly reduced rates compared to that of WT and are seriously impaired in pyridoxamine phosphate (PMP) binding, with K PMP at least 50-100-fold greater than that of WT. The larger effect on the rate of L-alanine transamination than of pyruvate transamination in these mutants suggests that the rate decrease is the result of selective destabilization of the PMP form of the enzyme in these mutants. Q52E exhibits near-WT rates for transamination of both pyruvate and L-alanine. Substrate binding has been greatly weakened in Q52E with apparent dissociation constants at least 100-fold greater than that of WT. The rate of decarboxylation in Q52E allows the energetic contribution of stereoelectronic effects, ∆G stereoelectronic , to be estimated to be -7.3 kcal/mol for DGD.
Pyridoxal phosphate (PLP) 1 dependent enzymes constitute a large and well-characterized group of enzymes, catalyzing many different types of chemistry at the R-, -, and γ-carbons of amine and amino acid substrates. Despite the diversity of chemistry catalyzed by PLP dependent enzymes as a group, individual enzymes exhibit remarkably high reaction specificities. In contrast, model studies show that PLP alone is capable of nonenzymatically catalyzing multiple reaction types with a given substrate. For example, reaction of PLP with serine results in transamination, -elimination, and retroaldol cleavage (1) . As an explanation for the high enzymatic versus nonenzymatic specificity, it was proposed by Dunathan (2) that PLP dependent enzymes use stereoelectronic effects to control reaction specificity. He proposed that the scissile bond is aligned parallel to the p orbitals of the extended π system of the aldimine, providing maximal orbital overlap and resonance stabilization in the transition state, therefore accelerating the rate of bond cleavage for the activated bond compared to the other bonds to C R .
Stereoelectronic effects have been investigated in simple organic systems both experimentally and computationally (3) (4) (5) (6) (7) . However, there has been little direct experimental evidence for stereoelectronic effects in enzymatic systems. Examples include the observation that the C R -CH 3 bond of 2-methylaspartate is aligned parallel to the π system in the active site of aspartate aminotransferase (8) , the fact that arginine decarboxylase is sensitive to the size of the substrate side chain (9) , and the observed specificity of R-proton exchange of amino acids in tryptophan synthase (10) . Dialkylglycine decarboxylase (DGD) has also been shown to employ stereoelectronic effects, using kinetic (11), X-ray crystallographic (12) , and computational (13) methods.
DGD is an unusual PLP dependent enzyme that catalyzes decarboxylation and transamination in its normal catalytic cycle (Scheme 1). A functional active site model based on the unusual reaction specificity of DGD and stereoelectronic control of reaction specificity has been proposed (14) and validated (11) . In this model, there are three subsites, the A subsite, near Q52 and K272, the stereoelectronically activated position in which all bond breaking and making occur; the B subsite, near R406 and S215, which can bind a carboxylate; and the C subsite, near M141 ( Figure 1 ). On the basis of X-ray crystallographic studies, Q52 has been proposed to hydrogen bond with the substrate carboxylate, thereby helping to keep it in the stereoelectronically activated A subsite (12) ; Q52 plays no other obvious role in catalysis. To the degree that stereoelectronic effects accelerate the rate of decarboxylation in DGD, mutation of Q52 to amino acids with side chains that no longer stabilize the carboxylate in the A subsite or actively prevent binding of the carboxylate in this subsite is predicted to yield reduced rates of decarboxylation.
Here, a series of Q52 mutants was made and characterized to explore the role of this residue in catalysis, particularly with regard to stereoelectronic control of reaction specificity. Steady-state and half-reaction kinetics are presented for Q52A, Q52I, and Q52E which demonstrate that Q52 plays a major role in stabilizing the carboxylate in the A subsite and that such positioning is necessary for efficient catalysis of decarboxylation. It is shown here that Q52 is important in selectively lowering the energy of the DGD-PMP enzyme relative to that of the DGD-PLP enzyme. A structural rationale for this finding is proposed on the basis of X-ray crystallographic structures of Q52A with PLP bound and WT with PMP bound. Finally, work with Q52E allows an estimation of the energetic contribution of stereoelectronic effects to catalysis in DGD.
EXPERIMENTAL PROCEDURES
Materials. All commercial chemicals were purchased from Sigma. PMP was synthesized according to a literature procedure (15) . Briefly, 1 g of PLP was dissolved in 40 mL of methanol, 6 mL of ammonium hydroxide added, and the reaction mixture stirred for 60 min at room temperature. Sodium borohydride (1.2 equiv) was added and the reaction mixture stirred at room temperature for 60 min. The methanol was removed by rotorary evaporation, and the product was redissolved in water. The mixture was acidified to pH 2.0 with concentrated HCl, loaded onto Amberlite IRP-64 cationexchange resin, and eluted with water. The fractions containing PMP, as determined by ninhydrin, were pooled and concentrated to dryness. HPLC analysis showed no contamination by PLP or other vitamin B 6 derivatives.
Preparation of Q52 Mutants. The pBTac (Boehringer Mannheim) plasmid containing the Q52A DGD mutant was employed. The Quikchange site-directed mutagenesis protocol (Stratagene) was used to introduce the desired mutations. The Q52I mutation was introduced with the following primer pair: 5′-CAC GTC GGG GAT TAT GAG CGC GGT GCT CGG CC-3′ and 5′-GGC CGA GCA CCG CGC TCA TAA TCC CCG ACG TG-3′ (with the converted codon underlined). The Q52E mutation was introduced with the following primers: 5′-CAC GTC GGG GGA GAT GAG CGC GGT GCT CGG CC-3′ and 5′-GGC CGA GCA CCG CGC TCA TCT CCC CCG ACG TG-3′ (with the converted codon underlined). Because of the high GC content of the DGD gene, it was necessary to use 5% (v/v) DMSO in the PCRs. After transformation into Escherichia coli JM109 using standard procedures (16), the mutant plasmid was isolated using a commercial kit (Qiagen) and the full coding region sequenced to confirm the desired mutation had been incorporated.
Expression and Purification of Q52 Mutants. For overexpression, 750 mL of TB growth medium was inoculated with a 5 mL overnight culture and grown at 37°C until the OD 600 reached 0.4. The cells were placed on ice for 20 min; expression was induced with IPTG at a final concentration of 500 µM, and cells were grown at 33°C for 8-10 h. The cells were pelleted by centrifugation, resuspended in lysis buffer [20 mM TEA-HCl (pH 7.8), 50 mM KCl, 20 µM PLP, and 1 M ammonium sulfate], and stored overnight at -80°C
. The thawed cell suspension was sonicated and the cell debris removed by centrifugation. The cell free extract was brought to 2.2 M ammonium sulfate and stirred at 4°C for 1 h. The precipitated protein was removed by centrifugation, and the pellet was dissolved and dialyzed into 20 mM TEAHCl (pH 7.8) and 20 µM PLP. The protein solution was loaded onto a 50 mL Q-Sepharose Fast Flow column (Pharmacia) and eluted with a gradient of 100 to 400 mM KCl in 20 mM TEA-HCl (pH 7.8). The fractions were analyzed by SDS-PAGE and those containing DGD pooled, concentrated, and brought to 1 M in KCl. This solution was loaded onto a 50 mL phenyl-Sepharose column (Pharmacia) and the protein eluted with a gradient of 1 to 0 M KCl in 20 mM TEA-HCl (pH 7.8). The purest fractions, as judged by SDS-PAGE, were pooled, concentrated, and dialyzed into 50 mM TEA-succinate (pH 7.8), 50 mM dipotassium succinate, and 20 µM PLP. The protein was aliquoted, flashfrozen, and stored at -80°C. The protein concentration was determined using both the extinction coefficient determined for DGD and the Lowry protein assay kit from Bio-Rad with IgG as a standard.
Crystallization, X-ray Diffraction Data Collection, and Structural Refinement of Q52A. The initial trials to crystallize Q52A were carried out via the hanging drop vapor diffusion method using crystallization conditions similar to those used to crystallize WT DGD (14) . Drops of 1 µL containing 20 mg/mL protein, 5 mM potassium phosphate (pH 7.5), and 20 µM PLP were mixed with 1 µL of a reservoir solution containing 15% PEG4000 (w/v), 15 mM MES-KOH (pH 6.4), 75-200 mM sodium pyruvate, and 20 µM PLP, and equilibrated against 1 mL of this reservoir solution. However, the protein precipitated under these conditions. Crystals were obtained by utilizing WT DGD crystals as microseeds (17) . These Q52A crystals microseeded with WT were then used as microseeds for further crystallization. This eliminated WT DGD contamination, and large crystals were obtained. Crystals obtained in this way appeared in several hours at room temperature and grew to maximal sizes in a week. Before being mounted onto the X-ray diffractometer, the crystals were soaked in a stabilizing solution containing 30% PEG4000, 15 mM MES-KOH (pH 6.4), and 20 µM PLP for 1 day and then soaked in a cryo-solution containing 30% PEG4000, 15 mM MES-KOH (pH 6.4), 20 µM PLP, and 26% glycerol for 2 h. The diffraction data were collected at 100 K on a Bruker CCD detector using Cu KR radiation. Reflection intensities were integrated and merged using PROTEUM. The merged data were reduced to structure factors using the combination of SCALEPACK2MTZ, CAD, and TRUNCATE programs from the CCP4 program suite (18) . The WT DGD-K + structure (14) in which the MES ligand, PLP cofactor, metal ions, and water molecules were removed was used as the search model for molecular replacement. CNS was used throughout for molecular replacement and structural refinement. Model building was conducted with O. Refinement was monitored using R free calculated from 5% of the data. The data collection and refinement statistics are given in Table 1 . The coordinates for the Q52A structure have been deposited in the Protein Data Bank as entry 1Z3Z.
Crystallization, X-ray Diffraction Data Collection, and Structural Refinement of the WT DGD-PMP Enzyme. The crystals of the DGD-PMP enzyme were prepared by soaking WT DGD-PLP crystals obtained as previously described (14) in a stabilizing buffer containing 30% PEG4000, 15 mM MES-KOH (pH 6.4), and 1 mM AIB for 30 min to convert PLP to PMP in the enzyme active site. These crystals were then soaked in a buffer containing 30% PEG4000, 15% MES-KOH (pH 6.4), and 10 mM PMP for 2 h, and finally soaked in a cryo-protecting solution containing 30% PEG4000, 15 mM MES-KOH (pH 6.4), 10 mM AIB, and 26% glycerol for 1 day. The diffraction data for the DGD-PMP enzyme were collected and processed as described above for Q52A. The WT DGD-K + structure in which all ligands and waters were deleted was used as a starting model for molecular replacement. CNS and O were utilized to carry out the structure refinement and model building. The data collection and refinement statistics are given in Table 1 . The DGD-PMP PDB entry is 1ZC9.
Steady-State Assays. AIB decarboxylation was followed by coupling acetone produced from oxidative decarboxylation of AIB to the 2°ADH reaction as previously described (11) . Loss of NADPH absorbance at 340 nm was followed on a Kontron UVIKON 9420 apparatus. Reaction mixtures contained 100 mM TEA-succinate (pH 7.8), 100 mM dipotassium succinate, 1 unit/mL 2°ADH, 300 µM PLP, and 300 µM NADPH. AIB stock solutions were prepared in 20 mM TEA-succinate (pH 7.8), and the pH of the solution was adjusted to 7.8. Sodium pyruvate was used as the R-keto acid. Initial rates were plotted versus substrate concentration and fitted to the Michaelis-Menten equation.
Steady-state transamination using L-alanine and R-ketocaproate was followed by coupling the formation of pyruvate to alanine dehydrogenase. Alanine dehydrogenase shows no significant activity with R-ketocaproate at the enzyme and substrate concentrations that were used. The reaction was monitored by the decrease in NADH absorbance at 380 nm where there is less interference from absorbance due to the R-keto acid. Reaction mixtures contained 50 mM TEAsuccinate (pH 7.8), 50 mM dipotassium succinate, 20 µM PLP, and 10 mM ammonium succinate. L-Alanine and R-ketocaproate stock solutions were prepared in 20 mM TEA-succinate, and the pH was adjusted to 7.8. Initial rates were plotted versus substrate concentration and fitted to the Michaelis-Menten equation.
Q52A Steady-State Kinetics. The steady-state kinetic parameters (k cat , K AIB , and K pyruvate ) were determined using the 2°ADH-coupled assay. Briefly, one substrate was held at a saturating concentration (AIB at 500 mM; pyruvate at 2 mM) while the other was varied. K PLP was determined by varying the PLP concentration from 0 to 400 µM while holding the AIB concentration at 500 mM and the pyruvate concentration at 2 mM.
Spectral Kinetic Analysis of the Q52A AIB Decarboxylation Half-Reaction. The AIB decarboxylation half-reaction was followed by rapidly mixing Q52A-PLP (20 µM enzyme in 50 mM TEA-succinate, 50 mM dipotassium succinate, and 10 µM PLP) against an AIB solution prepared in the same buffer in an Applied Photophysics SX.18MV-R stopped-flow spectrophotometer. Coenzyme spectral changes were followed from 200 to 800 nm using a diode array detector. The data from 300 to 600 nm were globally fit using Specfit to a four-exponential model, which was the best fit as judged by the residuals.
Spectral Kinetic Analysis of the Q52A and Q52I L-Alanine Transamination Half-Reaction. Coenzyme spectral changes from 300 to 600 nm were followed using a Hewlett-Packard 8453 UV-vis spectrophotometer. Reactions were carried out 
where Ij is the measured intensity of reflection j and 〈I〉 is the mean intensity over j reflections. b Rfactor ) ∑||Fobs(hkl)| -|Fcalc(hkl)||/∑|Fobs(hkl)|, where Fobs and Fcalc are observed and calculated structure factors, respectively. No σ cutoff was applied. c Rfree is the R factor calculated with 5% of the data that were not used for refinement.
in 50 mM TEA-succinate (pH 7.8), 50 mM dipotassium succinate, 10 µM PLP, 20 µM PLP-bound enzyme, and varying concentrations of L-alanine. The spectral data were globally fitted to an appropriate model using Specfit. For Q52A, a one-exponential model was used; for Q52I, a twoexponential model fit the data best. In each case, the apparent rate constants were plotted versus substrate concentration and fitted to eq 1.
Spectral Kinetic Analysis of the Q52A and Q52I PyruVate
Transamination Half-Reaction. Apoenzyme was prepared by dialyzing the holoenzyme against 10 mM hydroxylamine, and 100 mM TEA-succinate (pH 7.8), followed by extensive dialysis into 100 mM TEA-succinate (pH 7.8). The formation of the apoenzyme was confirmed by wavelength scans showing no coenzyme absorbance above ∼300 nm. The protein concentration of the apoenzyme solution was determined using a Bio-Rad Lowry protein concentration kit with IgG as a standard. Apoenzyme was incubated with varying concentrations of PMP for 1 h at room temperature to ensure binding of PMP to the enzyme had come to equilibrium. Incubation for longer periods showed no increase in activity. After incubation, pyruvate was added to a final concentration of 100 mM and the reaction followed at 410 nm. The rate of nonenzymatic transamination between pyruvate and PMP under the same conditions was measured and subtracted from the rate of total transamination seen in the enzymatic sample. The resulting data were fitted to a burst equation (eq 2).
Spectral Kinetic Analysis of the Q52I and Q52E AIB
Decarboxylation Half-Reaction. Coenzyme spectral changes were followed as in the L-alanine transamination half-reaction of Q52A and Q52I. Reactions were carried out in 20 µM PLP-bound enzyme, 50 mM TEA-succinate, 50 mM dipotassium succinate, and 20 µM PLP. The appropriate amount of a stock AIB solution (prepared in 20 mM TEA-succinate with the pH adjusted to 7.8) was added to initiate the reaction. The multiwavelength data fit best to a two-exponential model for both Q52I and Q52E. The apparent rate constants for the Q52I data were fitted to eq 1.
Spectral Kinetic Analysis of the Q52E L-Alanine Transamination Half-Reaction. The L-alanine transamination halfreaction was followed by rapidly mixing Q52E-PLP (20 µM enzyme in 50 mM TEA-succinate, 50 mM dipotassium succinate, and 10 µM PLP) against an L-alanine solution prepared in the same buffer. Data were collected in the stopped-flow spectrophotometer as described above and globally fitted to a two-exponential model.
Spectral Kinetic Analysis of the Q52E PyruVate Transamination Half-Reaction. Apo-Q52E was prepared as described above. Q52E-PMP was made by incubating 20 µM apo-Q52E with 50 mM TEA-succinate (pH 7.8), 50 mM dipotassium succinate, and varying concentrations of PMP at room temperature for 1 h. Incubation for longer periods showed no increase in activity. Q52E-PMP was mixed against a pyruvate solution prepared in 50 mM TEAsuccinate, 50 mM dipotassium succinate, and varying concentrations of PMP. The pyruvate solutions were prepared immediately before being used to prevent nonenzymatic transamination.
K PMP for Q52E was estimated by incubating apoenzyme with varying concentrations of PMP (from 20 µM to 6 mM) in 50 mM TEA-succinate and 50 mM dipotassium succinate followed by rapid stopped-flow mixing with 100 mM pyruvate prepared in the same buffer. Data were collected between 375 and 600 nm and fitted to a two-exponential model.
Reactions with varying pyruvate concentrations were performed with 20 µM enzyme incubated with 50 mM TEAsuccinate (pH 7.8), 50 mM dipotassium succinate, and 1 mM PMP (>10K PMP ).
HPLC Detection of PMP Formation in the Q52E AIB Decarboxylation Half-Reaction. Time points were taken from a reaction mixture containing 20 µM Q52E-PLP, 50 mM TEA-succinate, 50 mM dipotassium succinate, 20 µM PLP, and 600 mM AIB. At appropriate times, ranging from 60 to 7000 s, a 100 µL aliquot was removed and quenched with 2 µL of glacial acetic acid. The precipitated enzyme was removed by centrifugation. PMP was identified using a literature HPLC method (19) with some modifications on a Supelco C18 HPLC column (Supelcosil LC-18). Briefly, a linear gradient was run between buffer A and B over 10 min, followed by 100% B for a further 5 min at flow rate of 0.7 mL/min. Buffer A consisted of 10% propanol (v/v), 0.09% acetic acid (v/v), and 4 mM heptanesulfonic acid. Buffer B consisted of 10% propanol (v/v) and 0.09% acetic acid (v/ v). PMP was monitored at 330 nm.
RESULTS

X-ray Crystallographic Strctures of Q52A-PLP and WT DGD-PMP.
The refined Q52A-PLP structure contains a MES ligand at the active site, a potassium ion close to the active site, and a sodium ion on the surface of the protein that are all similar to those of WT DGD. Although the omit electron density map clearly indicates the existence of a water molecule filling the space created by the Q52A mutation ( Figure 3B ), the temperature factor of this water molecule (43.9) is significantly higher than the average temperature factor of the peptide (25.8) or solvent molecules (19.4) . The Q52A mutation, which eliminates a hydrogen bond that normally helps to hold Y301 in place (14) , and the mobility of the water molecule taking the place of the Q52 side chain lead to a relatively high mobility of the Y301 side chain (average B ) 37). The superimposition of the Q52A dimer and WT dimer gives a pairwise rms deviation of 0.37 Å with no significant differences other than the site of mutation.
The overall structure of DGD-PMP is very similar to that of DGD-PLP except for the different cofactor forms and the absence of a MES ligand bound at the active site of DGD-PMP. To prevent steric clash with K272, PMP reorients, tilting ∼16°forward with respect to the internal aldimine formed between PLP and K272 in DGD-PLP (Figure 2A ). The amino group of PMP forms a strong hydrogen bond to the amino nitrogen of K272 and also shares a hydrogen bond with a water molecule that fills the position occupied by the MES ligand in DGD-PLP ( Figure 3A) .
Steady-State Kinetics. The kinetic parameters for Q52A and WT are given in Table 2 . The Q52A mutant shows an 85-fold decrease in k cat relative to that of WT; K AIB has
increased approximately 15-fold, and K pyruvate has decreased approximately 15-fold. Steady-state kinetics with the coupled assay were too slow to measure with Q52I or Q52E. These results demonstrate that Q52 is important to efficient catalysis and that the enzyme is highly sensitive to changes at this position. AIB Decarboxylation Half-Reaction. The AIB decarboxylation half-reaction for Q52A was a complex multiexponential process ( Figure 4A ). As can be seen from the residuals (inset of Figure 4A ), a four-exponential model is not a significantly better fit than the three-exponential model, suggesting an even more complex mechanism.
In Q52I, the spectral changes seen in the AIB decarboxylation half-reaction were well fitted by a serial, two-step model. Global analysis of the absorbance changes yields absorption spectra for the initial, intermediate, and final species for the mechanism, shown in Figure 4B . The concentration dependence of the apparent rate constants is shown in the inset. The half-reaction kinetic parameters are given in Table 3 . The shift from ∼410 to ∼420 nm seen in the first process is consistent with external aldimine formation (20) . The linear dependence of the apparent rate constants on substrate concentration, however, suggests that this process is more likely to be the formation of the Michaelis complex. The second-order rate constant for this process is 0.045 ( 0.003 M -1 s -1 . The decrease in ∼420 nm absorbance and the increase in ∼330 nm absorbance seen in the second process are expected for the conversion of DGD-PLP to DGD-PMP that occurs with oxidative decarboxylation. The apparent rate constants for this process exhibit a hyperbolic dependence on the substrate concentration and were fitted to eq 1. This yielded a k decarboxylation of (6.1 ( 0.4) × 10 -5 s -1 and a K app of 60 ( 10 mM. Thus, Q52I shows a decrease in the rate of decarboxylation of ∼10 5 -fold compared to that of WT. In addition, Michaelis complex formation and/or transimination appears to have been severely affected in the Q52I enzyme.
The spectral changes seen in the AIB decarboxylation halfreaction in Q52E fit well to a serial, two-step model. Global analysis of the absorbance changes yielded the absorption spectra in Figure 5A for the initial, intermediate, and final species. The concentration dependence of the apparent rate constants is shown in the inset, and the kinetic parameters are given in Table 3 . The first process corresponds to a decrease in absorbance at ∼420 nm and a slight increase at ∼330 nm. On the basis of the spectral changes alone, it is not possible to assign unambiguously this process to a specific chemical step. The k app is independent of substrate concentration at the substrate concentrations that were used. It was not possible to use less than 300 mM AIB; at lower concentrations, the reaction was too slow to monitor. If the apparent rate constants are averaged, the maximal rate constant (k 1 ) can be estimated to be (6.5 ( 0.8) × 10 -3 s -1 . The second process shows an absorbance decrease at ∼420 nm and an increase at ∼330 nm that corresponds to the formation of DGD-PMP. As observed in the first process, k app is independent of substrate concentration at the substrate concentrations that were used. The maximal rate constant for decarboxylation is estimated to be (6 ( 1) × 10 -4 s -1 from these data.
The first process seen in Q52E AIB decarboxylation cannot be unambiguously defined on the basis of the spectral changes alone. It could represent reaction of a fast form of the enzyme to produce PMP or another process prior to decarboxylation. To determine whether the first process was formation of PMP from a fast enzyme form, a time course for PMP formation was performed. The experimental data are shown in Figure 5B along with the corresonding values calculated from k 1 and k 2 found spectrally. There is good agreement between the experimental PMP concentrations and the calculated ones assuming only k 2 corresponds to PMP formation. The experimental data clearly do not agree with the calculated PMP formation assuming both k 1 and k 2 correspond to PMP formation. Thus, the first process is not PMP formation from a fast form of the enzyme. The imine nitrogen-protonated ketoenamine form of PLP absorbs at 420 nm, while the phenolic oxygen-protonated enolimine absorbs at 330 nm (20) ; thus, the observed spectral changes are consistent with a shift in the ratio of PLP tautomers. The second process observed is PMP formation where k 2 ) k decarboxylation . Thus, the rate of decarboxylation in Q52E is decreased >10
4 -fold relative to that in WT. L-Alanine Transamination Half-Reaction. The L-alanine transamination half-reaction was a single-exponential process in Q52A. The decrease in absorbance at ∼420 nm and the increase at ∼330 nm are expected for conversion of DGD-PLP to DGD-PMP. The apparent rate constants show a hyperbolic dependence on L-alanine concentration ( Figure   6A ), giving a k max of (2.54 ( 0.03) × 10 -3 s -1 and a K app of 1.5 ( 0.1 mM. The spectral changes associated with this process suggest that k max corresponds to formation of PMP. Assuming deprotonation is rate limiting, k max ) k deprot . Comparison of this value to the WT value shows that the rate of L-alanine transamination has decreased approximately 8700-fold in Q52A.
In Q52I, the spectral changes observed in the L-alanine transamination half-reaction fit well to a serial, two-step model. The spectra of the initial, intermediate, and final species obtained from global analysis of the spectral changes are shown in Figure 7A . The concentration dependences of the observed rate constants for the two processes are shown in the inset, and the kinetic parameters are given in Table 4 . In the first process, the ∼410 nm peak shifts to ∼420 nm and increases in intensity. Fitting gives a maximal rate constant k 1 of (3.28 ( 0.02) × 10 -2 s -1 and a K app of 50 ( 13 mM. The observed spectral changes are consistent with formation of the external aldimine. In the second process, the ∼420 nm peak decays and the magnitude of the ∼330 nm peak increases which is indicative of PMP formation resulting from transamination. Assuming that deprotonation is rate-limiting, fitting gives a k deprot of (3.0 ( 0.6) × 10
s -1 and a K app deprot of 60 ( 57 mM. The rate of L-alanine transamination in Q52I is ∼70000-fold slower than that in WT.
The L-alanine transamination half-reaction in Q52E is not affected to the degree seen in the Q52A and Q52I mutants. The spectral changes observed with L-alanine transamination in Q52E fit well to a serial, two-step model. The spectra of the initial, intermediate, and final species obtained from global analysis are shown in Figure 8A , and the inset shows the concentration dependence of the apparent rate constants. In the first process, a peak at ∼490 nm, characteristic of the quinonoid intermediate (21) , develops while there is a slight decrease in absorbance at ∼420 nm. In the second process, the ∼490 nm peak decays and there is a decrease in absorbance at ∼420 nm, while absorbance at ∼330 nm increases. The spectral changes associated with the second process are consistent with reprotonation of the quinonoid to form PMP and pyruvate. The apparent rate constants are linearly dependent on substrate concentration up to 600 mM L-alanine, indicating that L-alanine binding has been greatly impaired in Q52E. The lower limits for the apparent rate constants are given in Table 4 (k deprot > 20 s
, k prot > 0.3 s -1 ). In WT, the formation of the quinonoid intermediate in the reaction with L-alanine occurs within the dead time of the stopped-flow instrument and the maximal rate constant for the reprotonation of the quinonoid is 22 ( 1 s -1 (22) . In Q52E, there has been an at most ∼70-fold decrease in the rate of reprotonation relative to that of WT even at a subsaturating concentration of L-alanine.
PyruVate Transamination Half-Reaction. The pyruvate transamination half-reaction in Q52A displays a burst of activity followed by a steady-state rate ( Figure 6B ). Equation 2 accounts well for the data. The reaction scheme proposed to account for this result is given in Scheme 2. The observed burst is reaction between DGD-PMP and pyruvate. Thus, k burst is the rate of transamination. Assuming that deproto- nation at C4′ of the ketimine intermediate is rate-limiting, k burst ) k deprot . The rate of the steady state could be determined by either release of PLP from the enzyme or binding of PMP to the enzyme. The steady-state k cat is linearly dependent on PMP concentration (data not shown), suggesting that PMP binding is at least partially rate-limiting. The observed dependence of k burst on PMP concentration (inset of Figure  6B) shows that even at 20 mM PMP, Q52A is not saturated with cofactor. These data give the following lower limits: K PMP > 20 mM and k deprot > 0.04 s -1 . The K PMP in Q52A is at least 30-fold higher than that of WT, indicating that PMP binding has been strongly affected in this mutant. The rate of pyruvate transamination is less affected than that for L-alanine; the extent of pyruvate transamination in Q52A has decreased ∼1900-fold relative to that of WT, while the rate of the L-alanine transamination half-reaction has decreased 8700-fold in this mutant.
The behavior of the pyruvate transamination half-reaction in Q52I is similar to that observed for Q52A. There is a burst of activity followed by a steady-state rate ( Figure 7B ), for which eq 2 accounts well. Q52I is not saturated with PMP at 45 mM, as seen by the linear dependence of k burst on PMP concentration (inset of Figure 7B ). PMP binding has been greatly affected in this mutant as well, and K PMP for Q52I is at least 75-fold larger than that of WT. The lower limit for the pyruvate transamination rate constant for Q52I (k deprot ), assuming deprotonation is rate-limiting, is greater than 0.01 s -1 . As seen in Q52A, pyruvate transamination is not affected to the same degree as transamination of L-alanine. The rate of pyruvate transamination in Q52I has decreased ∼7500-fold compared to that of WT, while the rate for L-alanine transamination decreased ∼70000-fold for this mutant.
Although PMP binding and the rate of the pyruvate transamination half-reaction are greatly affected in Q52A and Q52I, Q52E has near-WT pyruvate transamination activity and PMP binding, although substrate binding has been greatly affected in this mutant. The spectral changes associated with the pyruvate transamination half-reaction fit well to a serial, two-step model. Global analysis from 375 to 600 nm gives spectra for the initial, intermediate, and final species ( Figure  8B ). The dependence of the apparent rate constants on pyruvate concentration is shown in the inset, and the lower limits for k deprot and k prot are given in Table 4 . As seen for the L-alanine transamination half-reaction in Q52E, the first process is quinonoid formation with a characteristic peak developing at ∼490 nm. In the second process, the ∼490 nm peak decays and the absorbance of the ∼420 nm peak increases, which is consistent with reprotonation of the quinonoid to form PLP and L-alanine. The spectral changes at ∼330 nm cannot be monitored in this case, as free PMP absorbs in this range and obscures the expected decrease at 330 nm that occurs due to conversion of DGD-PMP to DGD-PLP. Pyruvate binding has been greatly affected in Q52E; the apparent rate constants for both processes are linearly dependent on pyruvate concentration even up to 400 mM pyruvate. A lower limit for deprotonation of the ketimine to form the quinonoid intermediate (k deprot ) is greater than 30 s -1 , and the rate of reprotonation of the quinonoid to form PLP (k prot ) is greater than 12 s -1 . Comparison of k prot in Q52E to the rate for the same process in WT shows that at most Q52E shows an ∼6-fold decrease in the rate of the pyruvate transamination half-reaction compared to that of WT.
Steady-State Transamination in Q52E. Steady-state transamination using L-alanine and R-ketocaproate (Rkc) ( Figure  9 ) confirms that binding of L-alanine and binding of R-keto acids have been affected (K Rkc > 450 mM) at 600 mM L-alanine. The lower limit for the steady-state rate of transamination (k cat ) is greater than 5.5 × 10 -3 s -1 , showing an at most ∼100-fold decrease in activity relative to that of WT.
DISCUSSION
Dunathan (2) proposed that PLP dependent enzymes use stereoelectronic effects to control reaction specificity. DGD provides an excellent system in which to study these effects due to the differential binding requirements necessary for the unusual dual reaction specificity of the enzyme. As previous work has shown, DGD has two carboxylate binding . (B) Absorbance spectra for the three species in a serial, twostep mechanism obtained from the analysis of multiwavelength data collected in the pyruvate transamination half-reaction for Q52E. The inset shows concentration dependence of the observed rate constants [k app1 (b) and k app2 (O)]. Experimental conditions: 10 µM enzyme, 1 mM PMP, 50 mM TEA-succinate, and 50 mM dipotassium succinate at 25°C. Scheme 2 FIGURE 9: Q52E saturation curve for steady-state transamination with L-alanine and R-ketocaproate. Experimental conditions: 500 mM L-alanine, 33 µM enzyme, 67 µM PLP, 10 mM NH 4 + , and 2.8 units/mL Ala-DH at 25°C. The reaction was monitored at 380 nm.
sites (11) . The A subsite (Figure 1) can bind a carboxylate in a position that is stereoelectronically activated for decarboxylation. The B subsite can also bind a carboxylate, but in this position, stereoelectronic effects (i.e., orbital overlap) are not maximized. Therefore, one expects poor activation toward decarboxylation from the B subsite.
Q52 is located in the stereoelectronically activated A subsite, and it has been proposed, on the basis of X-ray crystallographic studies, to hydrogen bond with the substrate carboxylate, thereby helping to keep it in the A subsite (12); Q52 plays no other obvious role in catalysis. To the degree that stereoelectronic effects accelerate the rate of decarboxylation in DGD, mutation of Q52 to amino acids with side chains that no longer stabilize the carboxylate in the A subsite (Q52A) or actively prevent binding of the carboxylate in this subsite (Q52I and Q52E) is predicted to reduce the rate of decarboxylation. In analogy to transamination in aspartate aminotransferase, K272 is expected to be the critical general base catalyst in the transamination half-reaction and Q52 plays no obvious role in this half-reaction (23) . As a result, the Q52 mutants are predicted by simple reasoning on the basis of the functional active site model to have near-WT transamination activity.
Steady-State Kinetics. The steady-state studies (Table 2 ) demonstrate the importance of Q52 to catalysis. In addition to the decrease in k cat and the increase in K AIB expected on the basis of the functional active site model, these studies find that the value for K pyruvate in Q52A has decreased relative to that of WT. The decrease in the apparent Michaelis constant for pyruvate in Q52A is most likely not due to differential binding in this mutant, since pyruvate binds with the carboxylate in the B subsite, removed from the Q52A mutation. Instead, the observed decrease is likely a kinetic effect. Michaelis constants for a ping-pong mechanism (Scheme 3) are aggregates of microscopic rate constants (24) .
As can be seen from eq 3, the observed Michaelis constant for pyruvate, K pyruvate , in Q52A may be lower than the WT K pyruvate if the rate of decarboxylation, k 3 , is significantly slower than the rate of transamination, k 7 , in Q52A. Thus, the observed decrease in K pyruvate indirectly suggests that the rate of decarboxylation has been affected to a greater degree than the rate of pyruvate transamination in Q52A, consistent with the prediction that Q52 is mechanistically more important in the decarboxylation half-reaction.
Decarboxylation and Transamination Half-Reactions in Q52A and Q52I. Analysis of the AIB decarboxylation halfreactions in Q52A and Q52I show large decreases in the rate of decarboxylation for Q52A and Q52I (Table 3) , supporting the prediction that stereoelectronic effects are important to the catalysis of decarboxylation in DGD.
Unexpectedly, the rate of L-alanine transamination in both mutants has decreased significantly ( Table 4 ). The decrease in the rate of both the AIB decarboxylation and the L-alanine transamination half-reactions suggests that the Q52A and Q52I mutations have unforeseen pleiotropic effects. Since Q52 plays no obvious catalytic role in transamination, one possible explanation is that the Q52 residue may be structurally important. However, it is unlikely that either Q52A or Q52I lacks activity due to major structural differences from WT, since the X-ray crystallographic structure of Q52A is essentially identical to that of WT except for the site of mutation ( Figure 2B ).
Another explanation for the slow L-alanine transamination observed in Q52A and Q52I is that the PMP form of the enzyme is selectiVely destabilized in these mutants due to the loss of an undetermined interaction between the side chain amide of Q52 and PMP (Figure 10) . If the energy of DGD-PMP is higher in these mutants than in WT, while the energy of DGD-PLP remains roughly unperturbed, one predicts that the rate of reactions converting DGD-PLP to DGD-PMP (e.g., AIB decarboxylation and L-alanine transamination) will be slowed selectively. The testable prediction from this hypothesis is that, relative to L-alanine transamination, the rate of pyruvate transamination will be increased in the mutants to a greater degree than in WT. This prediction is borne out for Q52A and Q52I by studies of the pyruvate transamination half-reaction (Table 4) .
Further support for the selective destabilization of the PMP form in Q52A and Q52I comes from measurement of dissociation constants for PMP and PLP in these mutants. The larger increase in K PMP compared to that in K PLP in Q52A (Table 5) demonstrates that the energy of DGD-PMP has been increased selectively compared to that of DGD-PLP. These studies show that Q52 plays a role in selectively stabilizing DGD-PMP which was not apparent from the X-ray crystallographic structures (12, 14, 25) .
Structural Origin of Weak PMP Binding in Q52A and Q52I. The Q52A-PLP structure is virtually identical to the WT-PLP structure ( Figure 2B ). This is not unexpected given that Q52A binds PLP well; it is the PMP form of Q52A that is unstable relative to WT. The Q52A-PMP structure would likely identify the structural origin of the weak PMP binding in this mutant. However, the high dissociation constant for PMP in Q52A makes this structure inaccessible. The WT-PMP structure was determined to provide some insight into the structural origin of weak PMP binding in Q52A and Q52I. This structure (Figure 3 ) indeed suggests the structural role Q52 may play in PMP binding, showing that Q52 hydrogen bonds to a water molecule that shares a hydrogen bond with the amino group of PMP. In the Q52A and Q52I mutants, this water is unlikely to be present due to the loss of the Q52 hydrogen bond. Although it is surprising that an indirect hydrogen bonding interaction such as this would have such a dramatic effect on the stability of the PMP form of the Q52A and Q52I mutants, it is the only clear interaction between Q52 and PMP and at least contributes to the relative instability of the PMP form of Q52A and Q52I.
Formation of the Michaelis Complex and Formation of the External Aldimine Are Affected in Q52I.
Both decarboxylation and L-alanine transamination half-reaction kinetics in Q52I show that this mutation has significantly affected formation of the Michaelis complex and/or transimination (i.e., Schiff base interchange). The effect on Michaelis complex formation and/or transimination is initially surprising considering that GABA-AT, an aminotransferase that is highly homologous to DGD, has an isoleucine residue in this position and is able to catalyze efficiently both formation of the Michaelis complex and formation of the external aldimine (26) . An overlay of DGD and the recently determined structure of E. coli GABA-AT shows that although the two enzymes are similar, the C R atoms of Q52 in DGD and the corresponding I50 in GABA-AT are positioned differently, ∼2.3 Å apart (26, 27) . It is likely that this difference in positioning is responsible for differences seen in Michaelis complex formation observed in Q52I DGD and GABA-AT. In addition, models show the Q52I mutation eliminates interactions between the side chain and Y301 and S80 which allows I52 to move into the active site pocket. The greater proximity of the isoleucine side chain to the internal aldimine may sterically prevent efficient formation of the Michaelis complex and/or transimination. The dramatic effect of the Q52I mutation on Michaelis complex formation underscores the importance of subtle positioning to binding and catalysis in DGD and GABA-AT.
Decarboxylation and Transamination in Q52E. The Q52E mutation was designed to eliminate binding of the substrate carboxylate in the activated A subsite due to electrostatic repulsion between the carboxylate of the substrate and the glutamate side chain, thereby inhibiting decarboxylation. As observed with Q52A and Q52I, this prediction is borne out by experiment; the extent of decarboxylation in Q52E has decreased approximately 10 4 -fold relative to that in WT. Analysis of steady-state and half-reaction transamination in Q52E demonstrates that the mutant, although significantly affected in substrate binding, is still catalytically competent (Table 4 ). The decrease seen in the rate of AIB decarboxylation is therefore specific to the decarboxylation halfreaction as expected if stereoelectronic effects play a significant role in the decarboxylation half-reaction.
Estimation of Stereoelectronic Effects in DGD. The observed rate of decarboxylation in Q52E can be used to estimate the energetic contribution of stereoelectronic effects to catalysis in DGD. To calculate the true contribution of stereoelectronic effects to catalysis, the rate of decarboxylation from the activated A subsite and the rate of decarboxylation from a nonactivated position are needed. The rate of decarboxylation in Q52E (k decarboxylation ) 6 × 10 -4 s -1 ) can be used as an estimate of the rate of decarboxylation from the nonactivated position by assuming that the Q52E mutation precludes carboxylate binding at the A subsite. The rate of decarboxylation from the activated A subsite can be estimated using the WT value for the AIB decarboxylation half-reaction and previous studies showing that approximately one-fifth of the substrate binds with the carboxylate in the A subsite (11) , allowing the calculation of the rate of decarboxylation from the A subsite (k activated ) 125 s -1 ).
Decarboxylation is a charge neutralization process, and gross changes in the electrostatic environment will cause the relative energies of the ground state and transition state to shift, affecting the rate of reaction. Therefore, it is also necessary to assume that the electrostatic environment of the A subsite in WT and that of the B subsite in Q52E are equivalent. This is a reasonable assumption; although not identical, the interactions of the carboxylate in the A and B subsite are grossly similar.
With these assumptions, the values for k activated and k nonactivated and eq 4 give a value for ∆G stereoelectronic of -7.3 kcal/mol. This value is an estimate that does not take several factors into account. Ideally, the calculation would account for the angular dependence of orbital overlap between the π system and the scissile bond ( Figure 11 ). If decarboxylation in WT takes place from a position less than perfectly parallel to the π system of the aldimine, the WT rate of decarboxylation ∆G stereoelectronic ) -RT ln ( k activated k nonactivated ) (4) 
